A classification of nucleotide-diphospho-sugar glycosyltransferases based on amino acid sequence similarities
Glycosyl-transfer reactions are, on quantitative terms, the most important biotransformations on Earth, since they account for the biosynthesis and hydrolysis of the bulk of biomass [1] . The biosynthesis of polysaccharides and complex carbohydrates is also of fundamental biological importance, since these molecules of fascinating diversity directly mediate a wide range of functions, from structure and storage to specific signalling. The biosynthesis of disaccharides, oligosaccharides and polysaccharides involves the action of hundreds of different glycosyltransferases (EC 2.4.x.y), enzymes which catalyse the transfer of sugar moieties from activated donor molecules to specific acceptor molecules, forming glycosidic bonds. There is a parallel extensive diversity of glycoside hydrolases (EC 3.2.1.x), enzymes which cleave such bonds to yield carbohydrates smaller than those from whence they originated. The immense functional and structural variety of glycosyltransferases and glycoside hydrolases raises the problem of their classification.
Regardless of the direction of the reaction, enzymes which catalyse glycosyl-transfer reactions can be classified according to the stereochemistries of the reaction substrates and products as either ' retaining ' or ' inverting ' enzymes [2] . Furthermore, specific enzymes can be classified on the basis of the reaction catalysed and the substrate specificity, according to the recommendations of the International Union of Biochemistry and Molecular Biology (IUBMB) [3] . However, there are limitations to the utility of this system for classification of glycosyltransferases and glycoside hydrolases, as it does not indicate the intrinsic structural features of the enzymes, nor does it adequately accommodate enzymes which act on several distinct substrates.
Classification of enzymes based on the similarities of their amino acid sequences offers a system complementary to that of the IUBMB [3] and realizes the potential to marry structural features of enzymes with their observed functions. Such classification systems have been proposed for glycoside hydrolases [4] and peptidases [5] , and have been updated with the increasing number of cloned genes for these enzymes [6] [7] [8] [9] . A significant advantage of classification according to sequence similarities is that it allows logical grouping of enzymes of different EC numbers into polyspecific families and offers insights into the divergent evolution of enzyme families [4] . Conversely, some enzymes which can be grouped by function have been shown to belong to several distinct families and thus reflect convergent evolution [4] . Significantly, the discriminatory power of these classifications has been confirmed by the similarity of the threedimensional structures [10] and the conserved molecular mechanisms [11] of family members.
Despite the utility of the sequence-based classification of glycoside hydrolases, no such system has been fully described for glycosyltransferases. One difficulty with such a classification is the number of enzymes concerned (193 entries of EC 2.4.1.x), and the diversity of sugar donors. These can be di-or polysaccharides, sugar 1-phosphates, or, most commonly, nucleotide diphospho-sugars (NDP-sugars). Whereas a number of the latter type of glycosyltransferases have been compared and grouped into a single family [12] , and sequence similarity has been used to predict mechanisms of action [13] , there have been no reports of a comprehensive classification of NDP-sugar glycosyltransferases. The present letter describes a classification of NDP-sugar hexosyltransferases (EC 2.4.1.x) and related proteins into distinct sequence-based families.
Sequences of NDP-sugar hexosyltransferases were retrieved from the SwissProt and EMBL\GenBank databanks and compiled into a preliminary sequence library which covered the 35 EC 2.4.1.x entries for which at least one sequence is known to date. Representatives of each EC number were used as templates for BLAST similarity searches [14] , and complementary sequences were retrieved from either SwissProt or EMBL\Gen-Bank. BLAST results were examined using Visual BLAST [15] . When the BLAST probability values were low (typically P 10 −$ ), sequences were further compared by hydrophobic cluster analysis (HCA) [16, 17] . A family was defined as a grouping of at least two sequences of significant amino acid or HCA similarity over a length exceeding 100 residues, with no similarity to other families.
A total of 555 sequences were analysed, of which 553 were classified into 26 families (Table 1) . Only two sequences, namely those of the mannosyltransferase OCH1 of Saccharomyces cere isiae (GenBank D11095) and the DNA β-glucosyltransferase of bacteriophage T4 (Swiss-Prot P04547), could not be assigned to any family and were left unclassified.
Seven families were found polyspecific (containing two or more EC numbers), whereas the others were either monospecific (one single EC number) or ' uncertain ' (no EC numbers assigned to the sequences). Previous experience with the classification of glycoside hydrolases suggests that the number of polyspecific families could increase with the availability of more glycosyltransferase sequences.
More than half of the sequences are found in the three largest families (families 1, 2 and 4 with respectively 107, 139 and 84 members ; Table 1 ). Family 1 comprises proteins from viruses, bacteria, fungi, plants and animals. Families 2, 4, 8 and 20 contain sequences from bacteria, fungi, plants and animals. Conversely, several other small families appear strongly biased toward only one taxonomic group, but this could simply be a consequence of the smaller number of current members in these families.
Sequence similarity is strongly indicative of folding similarity in proteins [18] . Conservation of tertiary structure is such that the same three-dimensional fold is expected to be found within each of the families defined by the present study. For polyspecific families, this suggests that details of the three-dimensional structure, rather than differences in the global fold, will explain different donor and\or acceptor specificities. Whereas to date there has been only one reported three-dimensional structure for a glycosyltransferase, the DNA β-glucosyltransferase of bacteriophage T4 [19] , it is inevitable that more of these enzymes will be purified, crystallized and characterized. Family allocation Caenorhabditis elegans Z71177 Unknown AC3. 8 Caenorhabditis elegans Z71177 Unknown B0310. 5 Caenorhabditis elegans U40959 Unknown C07A9. 6 Caenorhabditis elegans P34317 Unknown C08B6. 1 Caenorhabditis elegans Z72502 Unknown C17G1. 3 Caenorhabditis elegans Z78415 Unknown C18C4. 3 Caenorhabditis elegans U55369 Unknown C23G10. 6 Caenorhabditis elegans U39851 Unknown C33A12. 6 Caenorhabditis elegans Z68493 Unknown C35A5. 2 Caenorhabditis elegans Z71185 Unknown C44H9. 1 Caenorhabditis elegans Z75529 Unknown C55H1. 1 Caenorhabditis elegans U55367 Unknown F01E11. 1 Caenorhabditis elegans U42832 Unknown F08G5. 5 Caenorhabditis elegans Z70682 Unknown F29F11. 2 Caenorhabditis elegans Z73905 Unknown F35H8. 6 Caenorhabditis elegans Z36752 Unknown R04B5. 9 Caenorhabditis elegans Z70782 Unknown R11A8. 3 Caenorhabditis elegans Z70310 Unknown T04H1. 7 Caenorhabditis elegans Z78200 Unknown T04H1. 8 Caenorhabditis elegans Z78200 Unknown T07C5. 1 Caenorhabditis elegans Z50006 Unknown T25B9. 7 Caenorhabditis elegans Z70311 Unknown ZC443. 6 Caenorhabditis elegans Z75553 Unknown ZC455. 3 Caenorhabditis elegans Z75554 Unknown ZC455. 4 Caenorhabditis elegans Z75554 Unknown ZC455. 5 Caenorhabditis elegans Z75554 Unknown ZC455. described by the present work could provide an aid to structural interpretation and, when more structures become available, suggest possible search models for molecular replacement. For those families where both the NDP-sugar and the linkage formed are known, i.e., all families except families 19, 22, 24, 25 and 26, the classification based on sequence similarity consistently differentiates retaining from inverting enzymes. This is consistent with the conservation of the catalytic machinery of these enzymes within each family. Almost half of the classified sequences have unknown or uncertain functions (Table 1) . A fundamental basis for a classification must be that it has predictive power. The present classification allows the prediction of their global function (i.e. NDP-glycosyltransferase) and product stereochemistry (inverted or retained anomeric configuration).
By analogy to glycoside hydrolases, the catalytic machinery of glycosyltransferases is likely to involve Asp and\or Glu residues whose side chains have the appropriate reactivity to act as the general base for acceptor activation or as the nucleophile for the formation of a glycosyl-enzyme intermediate. Site-directed mutagenesis of ribosyltransferases has shown that specific Glu residues are essential for glycosyltransferase activity [20] . For each family of glycosyltransferases, the list of the invariant Asp or Glu residues is therefore likely to contain catalytic residues. In some of the families we describe there are so few such conserved residues that the catalytic machinery is probably directly identifiable. Examples include families 1, 9 and 11 with one invariant Asp, families 5 and 25 with one invariant Glu, families 3 and 4 with two invariant Glu and families 2, 8, 9 and 20 with two invariant Asp residues.
The EC recommendations place all hexosyltransferases in the same subclass (EC 2.4.1.x), regardless of the sugar donor used by the enzymes. There are clear structural, evolutionary and mechanistic similarities between several glycosyltransferases using glycosides as activated sugar donors and glycoside hydrolases. For example, cyclodextrin glucanotransferases (EC 2.4.1.19) and starch branching enzymes (EC 2.4.1.18) are clearly related to a large number of starch-hydrolysing enzymes forming family 13 of glycoside hydrolases [4, 6, 7, 21] . Similarly, endo-xyloglucan transferases (EC 2.4.1.207) display significant similarities to glycoside hydrolase family 16 members [7] . In contrast, we have been unable to detect any sequence similarity between the NDPsugar glycosyltransferases we have analysed and glycoside hydrolases. This probably reflects particular constraints on the active site of these glycosyltransferases which must accommodate the bulky NDP-moiety.
On several occasions, we observed that enzymes acting on similar substrates with the same mechanism, and classified in different families, displayed intriguing local similarities which could not be extended to the rest of the sequence. This situation, which perhaps reflects the limitations of sequence comparisons at very high divergence, is reminiscent of the grouping of glycoside hydrolase families into clans where the only sequence similarity is found around the catalytic machinery [22] . An example of such possibly related families are families 3, 4 and 5, which display limited local similarities. Similarly, families 11 and 23 could perhaps be grouped based on the specific instance of the motif VHVRRTD in a family 23 enzyme (porcine N-acetyl-β--glucosaminide α-1,6-fucosyltransferase) which is almost identical with one of the three highly conserved motifs in family 11 (VHVRRGD motif). Conversely, the proposed grouping of α-1,3-fucosyltransferases and α-1,2-fucosyltransferases [23] cannot be confirmed as the corresponding families (10 and 11) do not bear even one conserved residue. Only structural resolution will allow the reliable grouping of families into ' superfamilies ' or ' clans '.
That there are several polyspecific families leads to the proposition that the observed differences in substrate specificity probably reflect divergent evolution from an ancestral form of glycosyltransferase. Conversely, we have identified at least one example of an enzyme activity (lipopolysaccharide 1,2-N-acetylglucosaminyltransferase ; EC 2.4.1.56) which appears in two distinct families (4 and 9), suggesting that this could constitute an example of convergent evolution.
Genome sequencing projects are increasingly delivering large numbers of potential glycosyltransferase sequences and the present classification that brings together structural, mechanistic and sequence-based information is clearly of biocomputing importance. Significantly, a possible function was recently proposed for secreted Fringe-like signalling molecules based on other agrin repeats, FS, SPARC (secreted protein, acidic, rich in cysteine ; also known as osteonectin) and the SPARC homologues QR1 and SC1, all of which belong to the FS family. The BLITZ matches with the FS domains of chicken and rat agrin extended over 52-65 residues of the probe FIMAC sequences (Table 1) and aligned eight to ten of the eight or ten cysteine residues in the FIMAC sequences. Another database search using BLASTP [14] to scan more than 71 000 sequences showed that AGRIIRAT and AGRIICHICK were scored with statistically significant probabilities (P) of 10 −& -10 −' by FIMAC sequences from FI and C7. Likewise version 3 of FASTA [15] yielded similar results with more than 59 000 sequences, in which FS domains in agrin, QR1 and FS also scored highly with probabilities E(59 000) less than 0.05, and lower matches included other FS domains. FASTA matched eight to ten of the eight or ten cysteine residues of FIMAC with their equivalents in the FS domain. Blockmaker [16] , with the FIMAC sequences and the FS domains from agrin and SPARC (Figure 2 ), produced two blocks, one of which aligned with both the FIMAC and FS sequences. Likewise, MACAW [17] generated a 28-residue block of ten aligned sequences from the top matches in the BLITZ search, which corresponded to that identified by Blockmaker [16] (residues 31-60 in Figure 2 ). Whereas the 28-residue block lacked the C6 or C7 FIMAC sequences, its occurrence was statistically significant.
Since these analyses showed a relationship between the FIMAC and FS sequences, a combined alignment was constructed using 52 sequences (Figure 2 ). The consensus length is 74 residues with ten conserved cysteine residues. These cysteine residues are assumed to be bridged. Although the disulphide pairings are unknown, cysteine mutations in the first FIMAC of C6 and C7 suggest that Cys$-Cys"% are paired (the first and third Cys in Figure 2 ). Cys), Cys#%, Cys#' and Cys&* (the second, fourth, fifth and ninth Cys in Figure 2 ) are missing in agrin domain 3 and may form two pairs if the domain structure is unaltered. Whereas C-terminal sequence similarities with the disulphide-rich Kazaltype inhibitors of the ovomucoid family and N-terminal similarities with the epidermal-growth-factor family have been noted [6, 8] , the proposed disulphide pairings in the alignment are mutually exclusive in the two families [5] . Figure 2 also shows conserved buried hydrophobic residues. These are attributable to the packing of the protein core, and most are present in both the FIMAC and FS sequences.
The FIMAC and FS sequences were also compared by computing consensus secondary-structure predictions from the alignment [18, 19] . Use of the GORI, GORIII, Chou Fasman, PHD and SAPIENS prediction algorithms gave an averaged ββββαβ structure with five β-strands and one α-helix (Figure 2) . Residues 38-74 resemble the Kazal-type inhibitors. Interestingly, they resulted in a ββαβ prediction that is very similar to the observed ββαβ secondary structure in ovomucoid when analysed using DSSP (Brookhaven database codes : 1ovo-4ovo). Cys$& and Cys$) are located on the α-helix of ovomucoid and correlate well with Cys&# and Cys&* in FIMAC\FS, which are located on the α-helix predicted between residues 51 and 64 (Figure 2 ). Cys&# and Cys&* in FIMAC\FS will be positioned on the same side of this α-helix as Cys$& and Cys$) in ovomucoid, since Cys&# and Cys&* will be separated by an extra turn of the predicted α-helix in the FIMAC\FS domain compared with ovomucoid. The presence of the extra N-terminal residues in FIMAC before the region of similarity with ovomucoid implies that a structural relationship to ovomucoid is possible, but this will be modified. Figure 2 also shows large sequence insertions in the alignment, and these occur in regions predicted to be surface loops as desired. The loop between residues 64 and 65 corresponds to the Cu# + -binding region of the SPARC proteins [5] that is implicated in cellular proliferation, but is absent from other FIMAC and FS domains. More importantly, application of averaged secondarystructure predictions to each of the FIMAC and FS sequence families yielded results that were very similar to the predicted ββββαβ structure for all 52 sequences and support the proposed identity between the two families.
The phylogenic relationship between the FIMAC and FS sequences was investigated using PHYLIP [20] . An unrooted tree showed that the FIMAC sequences occupied a separate branch from the FS sequences. The lengths of the exons in SPARC, agrin, FI, C6 and C7 are in agreement with Figure 2 , whereas their boundaries are not conserved. In murine SPARC, the FS domain is encoded by exons 5 and 6 with intron boundaries of class 1-1 [5] , and correlates well with the FS domains in agrin, which are encoded by one or two exons and have intron boundaries of class 1-1 [21] . In human FI, the FIMAC domain is within exon 2, but with intron boundaries of class 0-1 [22] . The two FIMAC domains in human C6 and C7 are encoded across exons 15, 16 and 17 with intron boundaries of class 1-2, 2-1 and 1-undefined respectively [3, 4] . The lack of conserved intron\exon structure is similar to that found in the serine-protease domain [22] .
The relationship between the FIMAC and FS families is matched functionally in that all proteins containing FIMAC and FS domains are extracellular and participate in protein-protein interactions (Figure 1 ). The FS domain has been identified in extracellular matrix proteins that modulate cell-matrix interactions (SPARC), induce aggregation of nicotinic acetylcholine receptors (agrin) and in ovaries and the pituitary that bind cytokines (FS) [5, 6] . Hevin is isolated from high endothelial venules of tonsils which allow high levels of lymphocyte extravasion from blood and may facilitate this lymphocyte migration [23] . SPARC is released by platelet degranulation, is synthesized by fibroblasts and macrophages at sites of wound repair, and may regulate deposition or assembly of extracellular matrix proteins. The specificity of the FS domain for its ligand is indicated by SPARC and FS. SPARC binds to platelet-derived growth factor, albumin, thrombospondin and various collagen types. FS binds to activin and inhibin, which are transforminggrowth-factor-β-like cytokines. Despite the sequence similarity to ovomucoid, no protease-inhibitory activity has been reported to date for FS-containing proteins [6] . FI interacts with the complement components C3b and C4b, whereas C6 and C7 interact with complement component C5b during formation of the membrane-attack complex. As C3b, C4b and C5b are all related in sequence, it will be of interest to determine whether all three contain a similar target fold for FIMAC. Given the relationship to ovomucoid, it will be of interest to determine whether FIMAC in FI can inhibit its own serine-protease domain. From X-ray and neutron-scattering analyses of FI, one model that is consistent with the data is a semi-compact V-shaped structure, the dimensions of which place these two domains proximate to each other [24] .
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